Cyanobacteria possess a highly effective CO2-concentrating mechanism that elevates CO 2 concentrations around the primary carboxylase, Rubisco (ribulose-1,5-bisphosphate carboxylase͞oxy-genase). This CO 2-concentrating mechanism incorporates lightdependent, active uptake systems for CO 2 and HCO 3 ؊ . Through mutant studies in a coastal marine cyanobacterium, Synechococcus sp. strain PCC7002, we identified bicA as a gene that encodes a class of HCO 3 ؊ transporter with relatively low transport affinity, but high flux rate. BicA is widely represented in genomes of oceanic cyanobacteria and belongs to a large family of eukaryotic and prokaryotic transporters presently annotated as sulfate transporters or permeases in many bacteria (SulP family). Further gain-offunction experiments in the freshwater cyanobacterium Synechococcus PCC7942 revealed that bicA expression alone is sufficient to confer a Na ؉ -dependent, HCO 3 ؊ uptake activity. We identified and characterized three cyanobacterial BicA transporters in this manner, including one from the ecologically important oceanic strain, Synechococcus WH8102. This study presents functional data concerning prokaryotic members of the SulP transporter family and represents a previously uncharacterized transport function for the family. The discovery of BicA has significant implications for understanding the important contribution of oceanic strains of cyanobacteria to global CO 2 sequestration processes.
mutant studies in a coastal marine cyanobacterium, Synechococcus sp. strain PCC7002, we identified bicA as a gene that encodes a class of HCO 3 ؊ transporter with relatively low transport affinity, but high flux rate. BicA is widely represented in genomes of oceanic cyanobacteria and belongs to a large family of eukaryotic and prokaryotic transporters presently annotated as sulfate transporters or permeases in many bacteria (SulP family). Further gain-offunction experiments in the freshwater cyanobacterium Synechococcus PCC7942 revealed that bicA expression alone is sufficient to confer a Na ؉ -dependent, HCO 3 ؊ uptake activity. We identified and characterized three cyanobacterial BicA transporters in this manner, including one from the ecologically important oceanic strain, Synechococcus WH8102. This study presents functional data concerning prokaryotic members of the SulP transporter family and represents a previously uncharacterized transport function for the family. The discovery of BicA has significant implications for understanding the important contribution of oceanic strains of cyanobacteria to global CO 2 sequestration processes.
SulP transporters ͉ CO2 sequestration ͉ photosynthesis I t is estimated that some 50% of global primary productivity occurs in the oceans, and marine cyanobacteria contribute significantly to this global CO 2 sequestration process (1) . For example, in open oceans located between 40°N and 40°S, photosynthetic CO 2 fixation is dominated by marine cyanobacteria of the Synechococcus and Prochlorococcus genera, and together these species perform 30-80% of primary production (2, 3) . The largest nutrient uptake flux encountered by marine cyanobacteria is for dissolved inorganic carbon (Ci), yet relatively little is known about the process of Ci accumulation for photosynthesis in the oceanic cyanobacteria, in contrast to our knowledge of freshwater strains.
In aquatic systems, Ci exists mainly as two slowly interconvertible forms, CO 2 and HCO 3 Ϫ . In response to unique restrictions on the rate of CO 2 supply in the aquatic environment, cyanobacteria have evolved a very efficient mechanism for capturing CO 2 and HCO 3 Ϫ for photosynthetic fixation into sugars. The Ci-capturing mechanism functions as a CO 2 -concentrating mechanism because it effectively concentrates CO 2 around the main CO 2 -fixing enzyme, ribulose-1,5-bisphosphate carboxylase͞oxygenase (Rubisco). In the best characterized species, mostly freshwater cyanobacterial strains, the CO 2 -concentrating mechanism consists of several active uptake systems for CO 2 and HCO 3 Ϫ , plus a unique microcompartment called the carboxysome that contains the CO 2 -fixing enzyme, Rubisco (4) (5) (6) .
In recent years, the availability of a number of complete genomic databases for a range of cyanobacteria has made it possible to identify likely homologs of known Ci transporters in marine species of cyanobacteria (7, 8 ). An interesting observation is that marine cyanobacteria do not seem to possess the high affinity HCO 3 Ϫ transporter (encoded by cmpABCD, a traffic ATPase) that is present in many freshwater species (7) . Potential homologs of the Na ϩ -dependent, SbtA-type HCO 3 Ϫ transporter have been noted as present in some oceanic strains (7, 8) , but they share low sequence homology with SbtA proteins from Synechocystis PCC6803 (freshwater) and, as yet, have not been proven to transport HCO 3 Ϫ . In this study, we have identified a previously undiscovered class of HCO 3 Ϫ transporter, here named BicA, that is well represented in the genomes of oceanic cyanobacteria. BicA belongs to a large family of eukaryotic and prokaryotic anion transporters (9) where many of the eubacterial members are presently annotated as putative sulfate transporters (TC 2.A.53). Here, we report a previously uncharacterized function for a prokaryotic member of the SulP transporter family.
Materials and Methods
Cyanobacterial Strains and Culture Conditions. Synechococcus PCC7942 was cultured as described (10) . Synechococcus PCC7002 was cultured in BG-11 medium supplemented with 16 g⅐liter Ϫ1 biotin, 20 mM MgSO 4 , 8 mM KCl, and 300 mM NaCl, at 28°C with a light intensity of 120 mol photons⅐m Ϫ2 ⅐s Ϫ1 . Aeration of both strains was delivered through pipettes (1-mm annulus) at a flow rate of 0.15 liters⅐min Ϫ1 .
Gene Inactivation in Synechococcus PCC7002. Genes for sbtA, sul2, and bicA (sul3), with flanking regions of 0.5-1.0 kb, were PCR amplified from Synechococcus PCC7002 genomic DNA and ligated into pGEM-T (Promega). Sequence data were obtained from the draft genome sequence for Synechococcus PCC7002 (GenBank genome NC003488) compiled by D. A. Bryant and J. Zhou (Fig. 7 , which is published as supporting information on the PNAS web site, shows the BicA protein sequence); primer sequences are included in Table 4 , which is published as supporting information on the PNAS web site. The drug resistance markers kanamycin [Kan (11) Table 6 , which is published as supporting information on the PNAS web site. Synechococcus PCC7942 was transformed as described (15) with Sp selection at 10 and 7 g⅐ml Ϫ1 on solid and liquid media, respectively. Cells usually were grown in the presence of 10 mM NH 4 ϩ to limit overexpression.
Physiological Measurements. Prepared cells were analyzed by mass spectrometry as described (10, 16) . Assays for net O 2 evolution were performed at 30°C at a chlorophyll density of 2 g⅐ml Ϫ1 in the appropriate version of BG11 medium buffered with 50 mM BisTrisPropane-HCl (pH 8, 9, or 9.3), with 17 mM NaNO 3 replaced with 20 mM NaCl. Changes for both O 2 and CO 2 were monitored at a light intensity of 600 mol photons⅐m Ϫ2 ⅐s Ϫ1 . Active species uptake of H 14 CO 3 Ϫ was carried out at pH 9 (25°C) with 15-s uptake periods (17) terminated by silicone oil centrifugation-filtration (18) . KH 14 CO 3 aliquots were added from a 25 mM stock (pH 9.5). The rate of CO 2 supply from HCO 3 Ϫ at pH 9 was calculated by applying an experimentally determined rate constant (19) of 0.603 min Ϫ1 .
Real-Time RT-PCR Assays. All Synechococcus PCC7002 sequences were obtained from the draft genome sequence by comparisons with known genes from Synechococcus PCC7942 or Synechocystis PCC6803. Real-time RT-PCR assays using genespecific primer pairs (Table 5) , and with SYBR Green I to monitor product formation, were performed as described by Woodger et al. (10) except that a Rotorgene 3000 (Corbett Research, Sydney, Australia) was used and the accompanying software was used to analyze the second derivative of the raw f luorescence data collected for each sample during a run. Fold changes in transcript abundance relative to a basal condition were calculated after the method of Liu and Saint (20) by using two normalizing genes, rnpA (RNase P) and petB (Cyt b 6 ).
Results
Identification of bicA as a Gene Encoding a Second HCO 3 ؊ Transporter in Synechococcus PCC7002. Initial analysis of an sbtA mutant in Synechococcus PCC7002 grown under Ci-limitation showed a response to added Ci that was intermediate between the responses of WT cells grown under Ci-limitation and Ci-excess ( Fig. 1 ), indicating the presence of another HCO 3 Ϫ transporter of moderate transport affinity. Marine cyanobacteria so far sequenced (including Synechococcus PCC7002) do not possess a cmpABCD-type HCO 3 Ϫ transporter (7). A draft genome sequence for Synechococcus PCC7002 has been constructed by D. A. Bryant and J. Zhou (GenBank genome NC003488), and our survey of putative anion transporters indicated several potential candidates for another HCO 3 Ϫ transporter. Three genes in particular have been annotated as sulfate transporters because of a distant homology to plant sulfate transporters; they were initially referred to as sul1, sul2, and sul3. It was thought significant that sul2 was located midway between the carboxysome-related operon (21) and genes encoding low-affinity CO 2 uptake (7, 22, 23) because it is speculated that some CO 2 -concentrating mechanism-related gene clusters may have been transferred between cyanobacteria by lateral gene transfer (7) . Accordingly, the sul2 gene and its closest homolog, sul3, were insertionally inactivated, and the resulting strains were analyzed for defects in HCO 3 Ϫ uptake. HCO 3 Ϫ uptake capacity was assessed at pH 9.3 as the response of photosynthetic net O 2 evolution to added Ci (Fig. 1) . Here, it is assumed that net uptake of Ci is 1:1 stoichiometric, with net O 2 evolution during steady-state photosynthesis. At pH 9.3, the CO 2 concentration at chemical equilibrium represents just 0.018% of total Ci, allowing the contribution of active CO 2 uptake to photosynthesis to be minimized relative to HCO 3 Ϫ uptake. Therefore, at this pH, the majority of photosynthetic O 2 evolution is related to active, net uptake of HCO 3 Ϫ , especially at Ci levels of Ͻ1 mM. Carbonate (CO 3 2Ϫ ), the other Ci species at this pH, is not considered to be a substrate for active uptake, and there is no case in the literature for active CO 3 2Ϫ uptake. Our analysis of the sul3͞sbtA double mutant revealed that the sul3 gene (hereafter as bicA for bicarbonate uptake) was found to be associated with expression of a low affinity HCO 3 Ϫ uptake activity ( Fig. 1 and Table 1 ). At pH 9.3, the sbtA͞bicA double mutant, exposed to CO 2 -free air for 5 h (low-Ci cells), displayed a K 0.5 (Ci) (the Ci concentration required for half maximal response) of nearly 820 M, indicating a very low capacity for HCO 3 Ϫ uptake. WT cells grown at 2% CO 2 had a K 0.5 (Ci) that was similar to the double mutant (Table 1 and Data are shown as means Ϯ SD (n ϭ 3). Maximum photosynthetic rates were similar, with a mean of 846 mol O2⅐mg Chl Ϫ1 ⅐h Ϫ1 . Low-Ci cells were grown at 2% CO 2 and transferred to CO2-free air for 5 h before assay. *For calculation of K 0.5(HCO3 Ϫ ), the [HCO 3 Ϫ ] at pH 9.3 was taken as 36% of total Ci species at chemical equilibrium. † K0.5(Ci) calculated for a maximum rate at 1 mM Ci (see Fig. 1 ).
implying 3 Ϫ . Adjusted for the expected HCO 3 Ϫ concentration in salt-water medium, the BicA transporter would have a K 0.5 (HCO 3 Ϫ ) of 38 M (Table 1) . Interestingly, the bicA insertional mutant revealed the kinetics of the SbtA transporter to be biphasic, with the first component showing a K 0.5 (Ci) of 5 M, saturating near 1 mM Ci (Fig. 1) ; the second component seems to be responsive to the action of the two CO 2 uptake systems, particularly at Ci Ͼ1 mM. Importantly, BicA is apparently capable of supporting a relatively high uptake flux for HCO 3 Ϫ because, at its intrinsic K 0.5 (Ci), it supports 50% of the maximum photosynthetic rate, whereas SbtA supports Ϸ25% of the maximum rate (Fig. 1) . Growth of the bicA, sbtA, and sbtA͞bicA mutants at high CO 2 on plates and in liquid culture was indistinguishable from WT cells (data not shown). The mutants grew normally at pH 9.3 and 7.0 on plates in normal air (data not shown) due to a capacity for active CO 2 uptake to support growth. The mutants grew normally in liquid medium at pH 8.0 bubbled with normal air; however, the double mutant grew more slowly than WT at pH 9.3 (data not shown).
In high-Ci cells, there is evidence that BicA is expressed at low levels because a bicA mutant exhibits a K 0.5 (Ci) that is greater than for WT cells (i.e., 1,263 vs. 720). Likewise, the SbtA transporter also may be active (Table 1) . Consistent with this, sbtA and bicA mRNA were readily detected in high-Ci cells (data not shown). The closest homolog of bicA, namely sul2, does not seem to be associated with any appreciable HCO 3 Ϫ uptake activity because photosynthetic affinities for Ci in the sul2 and sul2͞sbtA mutants (low-Ci) were similar to low-Ci WT (Table 1) .
CO2-Responsive Expression of Genes Encoding Ci Transporters in
Synechococcus PCC7002. The relative abundance of mRNA transcripts for sul1, sul2, bicA, and known Ci-responsive CO 2 -concentrating mechanism genes (Ci transporters sbtA and chpY; transcriptional regulator ndhR), as well as a possible HCO 3 Ϫ porin that we have termed porB, was determined after Cilimitation. High-Ci cells of exponentially growing Synechococcus PCC7002 (bubbled with 1.7% CO 2 ) were rapidly transferred to CO 2 -free air for 3.5 h. First-strand cDNA was generated from normalized total RNA extracts, and quantitative real-time RT-PCR assays were performed by using gene-specific primers and rnpA and petB as reference genes (Fig. 8 , which is published as supporting information on the PNAS web site).
Consistent with our data that the bicA gene product is a HCO 3 Ϫ transporter, the expression of bicA mRNA was strongly CO 2 -responsive ( Fig. 2A) , increasing by Ϸ2,000% within 15 min of Ci-limitation, but returning to near basal levels between 90 and 120 min after the transition to Ci-limitation. By contrast, the expression of genes related to bicA, namely sul1 and sul2, was down-regulated under Ci-limitation, suggesting that these genes may encode transporters of nutrients other than Ci. As has been previously observed in Synechococcus PCC7942 or Synechocystis PCC6803, the abundance of ndhR mRNA was also strongly, but transiently, induced upon Ci-limitation whereas transcript levels for sbtA, chpY, and porB (slr0042) were strongly induced, but at more sustained levels (10, 24, 25) .
Gain-of-Function Expression of bicA and Close Homologs in Synechococcus PCC7942.
A gain-of-function approach (17) was used to test whether expression of bicA from a plasmid was sufficient to confer HCO 3 Ϫ uptake activity in Synechococcus PCC7942. This host is ideal for this purpose because cells grown at high CO 2 possess a very low capacity for HCO 3 Ϫ uptake at high pH ( Fig. 3) and lack close homologs of bicA. In assays at pH 9.3, expression of bicA-7002 resulted in substantial capacity for photosynthetic Ci uptake, with a K 0.5 (Ci) of Ϸ102 M; this result would equate to K 0.5 (HCO 3 Ϫ ) of Ϸ88 M (Table 2 and Fig. 3) . Clearly, expression of bicA-7002 gene product alone is sufficient to confer increased affinity and capacity for HCO 3 Ϫ uptake. Expression of bicA-6803 in Synechococcus PCC7942 also led to increased photosynthetic Ci uptake activity, but with a lower affinity than for BicA-7002: K 0.5 (Ci) of 198 M and K 0.5 (HCO 3 Ϫ ) of 171 M ( Table 2) . Expression of sul2-7002 did not confer Ci uptake activity that differed from the WT response. Expression of bicA-WH led to a low level of Ci uptake activity (not shown) that was difficult to quantify in pH 9.3 assays (see below), but could be demonstrated at pH 8 in the presence of a CO 2 uptake inhibitor (Fig. 9 , which is published as supporting information on the PNAS web site, and Table 5 ). BicA-7002 uptake activity was found to be Na ϩ -dependent because the photosynthetic response to Ci was stimulated by NaCl (Fig. 4) but unaffected by comparable additions of KCl (data not shown). Na ϩ at 1.7 mM Na ϩ (SD Ϯ 0.1; n ϭ 3) was required for half maximal stimulation; activity was maximal at Ϸ20 mM NaCl. The BicA-6803 transporter was also found to have a similar Na ϩ -dependence (data not shown). The response to Na ϩ is similar to the Na ϩ -dependent SbtA transporter from Synechocystis PCC6803 (8) . It is possible that BicA (or SbtA) are Na ϩ -driven (e.g., symport), but this conclusion cannot yet be drawn with confidence from any data presented in this paper, or previous experiments, in the case of SbtA (8) .
Active Species Assays for HCO 3
؊ Uptake. Active species experiments for H 14 CO 3 Ϫ uptake (pH 9 conditions) were undertaken to further test our view that BicA is specific for HCO 3 Ϫ uptake. This view was supported. Experiments used short 15-s uptake periods after addition of H 14 CO 3 Ϫ (pH 9.5) followed by rapid termination with silicone-oil centrifugation. Such an approach measures initial rates of gross Ci uptake before chemical equilibrium between HCO 3 Ϫ and CO 2 is attained. Expression of bicA-7002 or bicA-6803 in Synechococcus PCC7942 led to enhanced rates of gross Ci uptake that approached substrate saturation around 1 mM Ci (Fig. 5) . This response is indicative of active uptake of HCO 3 Ϫ because the measured rates of uptake vastly exceeded the calculated maximum rate of CO 2 supply from HCO 3 Ϫ that could support CO 2 uptake (Fig. 5A, dotted line) . By contrast, the Ci uptake response in WT cells (Fig. 5A) , and cells expressing sul2-7002 (data not shown), was low and responded linearly to added Ci; these control rates also indicate a background capacity for HCO 3 Ϫ uptake because they were higher than the calculated rate of CO 2 supply (Fig. 5A) . Interestingly, K m (HCO 3 Ϫ ) values ( Fig. 5B and Table 3 ) were significantly higher than comparable
Ϫ ) values inferred from steady-state photosynthetic measurements (Table 2 ). This finding might indicate that BicA is slow to respond to added HCO 3 Ϫ when using the short uptake approach; it was observed that HCO 3 Ϫ -dependent O 2 evolution took 2-3 min to reach steady rates after each Ci increment (data not shown). Largely as expected, gross rates of initial HCO 3 Ϫ uptake exceeded estimates of net HCO 3 Ϫ uptake based on steady-state measurements (Fig. 3) ; reasons for this result in Fig. 4 . Na ϩ -dependency of O2 evolution due to bicA-7002 expression in Synechococcus PCC7942 (pH 9.3). Cells were grown at 2% CO 2 and washed in standard buffer with 0.1 mM Na ϩ (pH 9.3). O2 evolution was assayed at a Ci level of 270 M KHCO3. Typical responses are shown. BicA-7002 responses were subtracted from WT responses to yield a C 0.5(Na ϩ ) of 1.7 mM (SD ϭ 0.1; n ϭ 3).
Fig. 5. Assessment of HCO 3
Ϫ uptake capacity by using silicone oil filtration.
(A) Rates of gross 14 Ci uptake for bicA expression in Synechococcus PCC7942. Cells were grown at 2% CO 2 and assayed at pH 9 by using silicone oil filtration; 15-s uptakes were extrapolated to an hourly basis. Data are shown as mean Ϯ SD (n ϭ 3). The calculated maximum rate of CO 2 supply from HCO 3 Ϫ is plotted as a dotted line. (B) Data for bicA responses replotted after subtraction of WT response and fitted to Michaelis-Menton functions. clude low 14 Ci leakage and lack of feedback regulation during the initial uptake period. For cells washed with 0.1 mM Na ϩ , it was found that HCO 3 Ϫ uptake in these assays due to BicA-7002 was stimulated by addition of 5 mM NaCl, but not by 5 mM KCl (data not shown). This finding indicates a potential role for Na ϩ coupling in HCO 3 Ϫ uptake but also could indicate a role in cellular pH regulation.
It is of particular interest that expression of BicA-WH, from the oceanic strain Synechococcus WH8102, displayed HCO 3 Ϫ uptake activity with a V max that was Ϸ33% of the BicA-7002 transporter ( Fig. 5 and Table 3 ). Subtraction of the WT control response from the BicA-WH response yields uptake kinetics with a K m (HCO 3 Ϫ ) of Ϸ75 M. Given that this assay yields higher affinity estimates than steady-state assays, it is possible that BicA-WH may have a K 0.5 (HCO 3 Ϫ ) that is significantly greater than 75 M. There is also the possibility that expression of bicA-WH is not fully activated in the heterologous host. Nevertheless, the data at hand clearly indicate that the BicA homolog from Synechococcus WH8102 is capable of supporting a significant rate of HCO 3 Ϫ uptake.
Discussion
Bicarbonate Transport in Synechococcus PCC7002. Cyanobacteria living in oligotrophic ocean environments play a critical role in global CO 2 sequestration and primary photosynthetic productivity (1-3). However, relatively little is known about the genomics and physiology of active uptake processes for dissolved Ci, despite Ci uptake being the largest nutrient influx in these organisms. By contrast, linkages of specific gene products with physiological functions in active Ci uptake are well established in several freshwater cyanobacteria (4) (5) (6) 23) .
In the present study we have identified BicA as a previously undiscovered class of Na ϩ -dependent HCO 3 Ϫ transporter that is functionally active in the coastal marine cyanobacterium, Synechococcus PCC7002. BicA is distinguishable as an extant member of the SulP family of anion transporters in eukaryotes and prokaryotes (9) . We also have confirmed that the other HCO 3 Ϫ transporter present in Synechococcus PCC7002 is SbtA, an Na ϩ -dependent transporter with high affinity for HCO 3 Ϫ , first identified in Synechocystis (8) . Together, BicA and SbtA account for most, if not all, of the HCO 3 Ϫ uptake capacity of low-CO 2 adapted Synechococcus PCC7002 cells at pH 9.3 ( Fig. 1) . Gainof-function analyses (Figs. 3-5 ) demonstrated that the single bicA-7002 gene product is sufficient to support Na ϩ -dependent, HCO 3 Ϫ uptake in the freshwater cyanobacterium Synechococcus PCC7942, which lacks any close homologs of bicA. Analysis of gene transcripts in Synechococcus PCC7002 indicates that bicA, sbtA, and porB (coding for a putative porin) are highly upregulated under Ci limitation (Fig. 2) ; this finding is consistent with all three genes playing a role in active Ci uptake. Although BicA-7002 has a moderate photosynthetic uptake affinity for HCO 3 Ϫ (K 0.5 of Ϸ38 M), it is able to support a high photosynthetic flux rate, unlike the SbtA transporter, which supports a low flux rate with high uptake affinity (K 0.5 Ͻ 2 M). This pairing of complementary transport physiologies may be functionally significant in the natural environment. Indeed, the two HCO 3 Ϫ transporters acting together in fully induced WT cells are able to support a high flux rate with a net K 0.5 (HCO 3 Ϫ ) of Ϸ6.5 M (Table 1 and Fig. 1 ). This affinity for HCO 3 Ϫ is similar to that previously measured in Synechococcus PCC7002 (16) .
BicA in Other Cyanobacteria. BicA proteins are predicted to be plasma membrane-targeted, possessing 8 -12 membranespanning domains, and bioinformatics searches show them to be members of an extensive anion transporter family that is present in eukaryotes and prokaryotes. BicA appears to be the only prokaryotic member with a proven transport function. In prokaryotes, many of the proteins are presently annotated as sulfate transporters, but without accompanying experimental verification. BicA homologs are highly represented among the 13 cyanobacterial genomes that have so far been completely or partially sequenced. BicA homologs are present in some freshwater strains, but it is of particular interest to note that all of the marine cyanobacteria so far sequenced have one or more BicA homologs that cluster in lobe 1 of the phylogenetic tree shown in Fig. 6 . In the present study, we have shown that a functional BicA homolog is present in at least one oceanic strain of cyanobacteria, namely Synechococcus WH8102. The rates of HCO 3 Ϫ uptake supported by this transporter seem to be relatively low compared with BicA-7002 (33% of BicA-7002 rate; Table 3) ; however, oceanic strains typically grow at about one doubling per day (or less), compared with Synechococcus PCC7002, which can support doubling times of 4-5 h. Thus, the low rates so far Uptake periods of 15 s were employed. Michaelis-Menton parameters were obtained by fitting curves to the data in Fig. 5B . Data are shown as means Ϯ SD (n ϭ 3); cells were grown at 2% CO 2. *NA, not applicable for background rates of HCO 3 Ϫ uptake. 
